ON THE VALUATION OF UNCERTAINTY
IN WELFARE ANALYSIS
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This article develops a general model of private and public choice under temporal uncertainty. The
model incorporates the effects of risk preferences and the prospect of future learning into both
the individual and aggregate valuations of public projects. The analysis provides new insights on
individual valuation, its implications for benefit—cost analysis and the characterization of Pareto-
efficiency under uncertainty. It also resolves some of the confusion in the option value and quasi-

option value literature.
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Private and public decisions typically involve
many sources of uncertainty, including uncer-
tainty about prices, income, technology, envi-
ronmental quality, health, etc. Temporal
uncertainty is also common, where some of
the risk! gets resolved over time due to learn-
ing. Additionally, private and public deci-
sions often exhibit some form of irreversibil-
ity, implying that current choices can affect
the ability of decision makers to be flexible
and to adjust their future choices in response
to forthcoming information. When uncer-
tainty and irreversibility are both present,
welfare analysis gains complexity and impor-
tance. Although considerable progress has
been made since Weisbrod’s seminal article,
a better understanding of the roles of uncer-
tainty and irreversibility in welfare analy-
sis would improve our ability as economists
to communicate the importance of risk in
project evaluation to public decision makers.

Jean-Paul Chavas and Daniel Mullarkey are professor, Depart-
ment of Agricultural and Applied Economics, University of Wis-
consin, Madison, and agricultural economist, Economic Research
Service, USDA, respectively.

Seniority of authorship is shared. The authors thank three
anonymous reviewers for useful comments on an earlier draft of
the article. This research was supported in part by a Hatch grant
from the College of Agricultural and Life Sciences, University
of Wisconsin, Madison. The views expressed herein are those of
the authors and not necessarily those of the US Department of
Agriculture.

! Throughout the article, we use the terms “risk” and “uncer-
tainty” interchangeably. Thus, we do not rely on the Knight-
ian distinction between risk (where probabilities are available to
guide choice) and uncertainty (where information is too impre-
cise to be summarized adequately by probabilities). Our analysis
is consistent with a Bayesian approach, where individual beliefs
about uncertainty can be represented by a subjective probability
measure, and learning over time takes place through Bayesian
updating of these probabilities.

The objective of this article is to clarify and
enhance the understanding of welfare analy-
sis under uncertainty and irreversibility, with
particular attention paid to the role of tem-
poral learning at both the private and public
levels.

As an example illustrating the joint effects
of uncertainty and irreversibility, consider the
case of groundwater pollution. The uncer-
tainty may relate to the pollution source
(e.g., accidental spill), to the movement of
the water pollutants over time and space,
to the exposure of some human population
to these pollutants, and to the short- and
long-term effects of the pollution on human
health. At least two forms of irreversibility
may be present: irreversibility of groundwa-
ter pollution if the movement and dilution of
pollutants in the groundwater are slow; and
irreversibility of health effects if the pollu-
tants have long-term effects on human health
(including death). This example illustrates
that irreversibility can be relevant at both the
social level (e.g., the long-term human expo-
sure to a toxic site) and the individual level
(e.g., chronic health effects). This suggests the
need for a careful analysis of the joint wel-
fare effects of uncertainty and irreversibility
at both the social level and the individual
level (Bromley and Segerson).

Starting with Weisbrod, the valuation of
uncertainty has focused on the concept of
“option value.” Two main bodies of litera-
ture have emerged. One approaches the con-
cept of option value (OV) as a risk pre-
mium associated with possible risk aversion
(Byerlee; Schmalensee; Bishop 1982, 1988;
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Smith 1983, 1987a; Freeman 1985; Hartman
and Plummer). This literature explores the
idea that an individual’s risk preferences can
affect his/her valuation of a project. It con-
cludes that, in general, the risk aversion pre-
mium can take any sign, and that it should be
incorporated in the benefit—cost analysis of a
project.

The second concept of option value,
sometimes called quasi-option value (QOV),
focuses on the impact of current decisions
on the future use of information (Arrow
and Fisher; Henry 1974a, 1974b; Conrad
1980; Smith 1983; Miller and Lad; Fisher and
Hanemann 1986a, b, 1987, 1990; Hanemann
1989). Many of the models in this litera-
ture assume risk neutrality; the rest do not
address risk preferences explicitly. In a tem-
poral model, learning is valuable in future
decisions if a reversible decision is made in
the first period. If an irreversible choice is
made, future decisions can no longer respond
to new information. Choosing the reversible
alternative in the first period preserves the
decision maker’s flexibility to respond to
future learning. The QOV literature shows
that failure to take this flexibility into account
leads to inefficient decisions that are sys-
tematically biased toward the irreversible
alternative.?

Considerable progress has been made in
defining OV and QOYV, and in establishing
the differences between them. Additionally,
Graham (1981, 1992) has provided a power-
ful framework within which to study welfare
analysis under uncertainty. The 1981 article
introduced the idea that state-dependent pay-
ment schemes could be used to capture bene-
fits above and beyond the state-independent
payments (option price) discussed in the OV
literature. The 1992 article provided a net
benefit function and related criteria for iden-
tifying Pareto-efficient projects.

Although he did not pursue it, Graham
(1992, p. 836) mentions that his net ben-
efit function could be used to decompose
the benefits of a project into “pure risk dis-
tribution gains” and “pure output gains.”
Given the confusion in the literature on
welfare analysis under uncertainty, including
misinterpretation of Graham’s work, we feel
this decomposition would be informative. We

2 Hanemann (1989) shows that the assumption of perfect infor-
mation can be relaxed without changing the conclusions as long
as the other assumptions are maintained. Additionally, he dis-
cusses the conditions under which QOV increases with increas-
ing uncertainty.
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explore the general case where private and
public decisions coexist, and show how inter-
actions between these decisions influence the
valuation of risk. We demonstrate that even
if a public project is reversible, it may still
have irreversible effects on private decisions
that would affect its welfare evaluation.

This article develops a welfare criterion
that is dual to Graham’s Pareto-efficiency cri-
terion. It then decomposes the total value of
a project into one risk-free output component
and three risk components: (1) the individ-
ual value of learning; (2) the individual cost
of risk aversion; and (3) the social valuation
of information. This decomposition allows us
to illustrate the concepts behind OV and
QOV within one model of total value, which
to our knowledge has not been done,’ and
hopefully resolves much of the confusion
in the OV and QOV literatures. Graham
(1981) showed that a welfare measure that
neglects the welfare gains attributed to state-
dependent financing would be a lower bound
on a welfare measure that allows for such
gains. The decomposition of value presented
here extends Graham’s result by formally
showing that a welfare measure that neglects
the state-dependent provision of public goods
is also a lower bound on a more inclu-
sive measure that includes the risk bene-
fits of both state-dependent project financ-
ing and state-dependent provision of public
goods (although he only briefly references it,
Graham’s (1992) model is flexible enough to
analyze state-dependent provision of public
goods).

Primal and Dual Pareto-Efficiency Criteria

In this section, we develop a Pareto-efficient
criterion for project evaluation. We also
establish the duality relationships between
our (primal) approach and Graham’s (1992)
dual formulation of the net benefit criterion.
For simplicity, consider a two-period model.*

3 Chavas, Bishop, and Segerson examine the effect of learning
on welfare measurements. However, they do not investigate its
implications for Pareto-efficiency. Also, Fisher and Hanemann
(1987) discuss both passive and active learning under irreversibil-
ity and risk neutrality. We extend their analysis by considering
the role of risk aversion, by examining the more general issue
of dynamic flexibility, and by establishing explicit linkages with
Pareto-efficiency.

4 Limiting our analysis to a two-period model greatly simplifies
the presentation, and captures the essence of temporal uncer-
tainty and learning. All the arguments presented below can be
easily extended to a more general T-period planning.
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Let I={1,...,n} denote the set of »n indi-
viduals facing a public project under uncer-
tainty. The “project” may be a policy change
(e.g., regulations), policy action (e.g., enforce-
ment of regulations), or an actual physical
project (e.g., building a dam). The project
may be partially or fully irreversible. Define
the project as involving two types of deci-
sions: the production of public goods gener-
ated by the project, and the financing of the
project. In period ¢, let z, = (z,,,z,), where
z,, denotes the vector of public goods gen-
erated by the project and z,; = (Zﬂf, e Tyyp)
denotes the financing of the pl‘O_]eCt with
z,; being the amount of money actually paid
(or received, if negative) by the ith individ-
ual. Let z, = (z,,2,,) and z; = (24, 2,). In
general, both z, and z, can be state depen-
dent, and their elements should be inter-
preted as decision rules.

To characterize the information available
for public decision making, consider three
sets of random variables: (e, e}, e}), where
e is the vector of random variables observed
by the policy maker before the first-period
decisions z, are made, €] is the vector of ran-
dom variables observed by the policy maker
after the first-period decisions z; but before
the second-period decisions z,, and e! is the
vector of random variables observed after the
second-period decisions. First-period deci-
sions Z, can depend on the signals e{, but not
on (ej,e}). Second-period decmons Z, can
depend on (e, e}), but not on e}.> With active
public learning, the e information available
for second-period decisions z, depends on
first-period decisions z,. Passive learning is
a special case in which e] does not depend
on z;. The collective decisions amount to
choosing decision rules z,(e}) and z,(e}, e}),
which map the observed signals into actual
decisions.

The feasibility of the project is defined in
terms of fiscal as well as technical feasibil-
ity.S Technical feasibility for the public goods
z,, is characterized by the feasible set Z: z, €
Z. This includes as special cases models of
irreversible development that have been at
the heart of the quasi-option value liter-
ature (e.g., Arrow and Fisher; Hanemann,
1989). For example, in Hanemann’s (1989)

5 As will be discussed below, public decisions and public learn-
ing can also be dependent on private decisions and private learn-
ing, and vice versa.

®The technical and fiscal feasibility constraints defined here
are analogous to the production transformation set in Graham
(1992).
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model, if z,, is the proportion of irreversible
development at time ¢, then (z,,,2,,) € Z =
{{0,1], [0,1~2,,]}. Assume the existence of a
riskless asset yielding a sure rate of return r
between time ¢t =1 and ¢ = 2, such that each
individual can borrow or lend any amount of
money at the riskless rate r. Let C(z,e') =
Ci(z,, e))+BC,(2,12,, €") denote the present
value of aggregate cost associated with the
project, where C,(z,, €}) is the cost incurred
at time t =1, =1/(1 +r) is the discount
factor, and BC,(z,, z,, €') is the present value
of the cost incurred at time ¢t = 2. This
allows for uncertainty in the cost of the
project, as reflected by the random vector

= (e}, el). Note that C(z,e') can include
various transaction costs (including informa-
tion costs) associated with the actual imple-
mentation of the project. Fiscal feasibility is
then characterized by the aggregate budget
constraint

1) Z[zh-f(e(l)) + BZZif(e(I)v ei)] > C(z,€).

iel

Equation (1) states that the present value
of actual payments made by all n individuals
must cover the present value of the cost of
collective action in each state. This allows the
financing of the project to take place at time
t =1, as well as at time ¢t = 2 after the ran-
dom vector e! is observed. Because at least
partial information becomes available as to
which state occurred in period 1, period-two
financing {z,; (e, e1)} can be designed to gen-
erate efficiency gains through risk redistribu-
tion.

The problem is thus to choose decision
rules for the financing scheme {z,,}, and for
the levels of public goods (or bads) z,, to
provide in each period, given the information
publicly available at the time of the decisions.
Let P’(y;, 2 — BZyy,2,) denote the ith indi-
vidual’s valuation of the project, where y; is
the ith individual’s exogenous income.

ProrosiTiON 1: Assuming that the n indi-
viduals are nonsatiated in income, if an allo-
cation is Pareto-efficient, it satisfies the opti-
mization problem

2 Wa)
= Max {ZOL P} (v iy =By, 2,):
zl(e[) ) iel

zz(en 1)

s.t.z,€Z and (1)}
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where o; > 0 is a welfare weight for the ith
individual satisfying the normalization restric-
tion ) jqo; =1

Proof. Consider a feasible allocation z that
does not satisfy (2). It means that there exists
another feasible allocation z' that increases
the selling price P’ for at least one indi-
vidual. Under nonsatiation, z' can make this
individual better off without making anyone
else worse off. This contradicts the Pareto-
efficiency criterion.

Denote the optimal decision rule for z
in (2) by z'(e', «) = (z(el, @), 7 (el €], ).
where a = {o;} = (o4, ..., a,). Proposition 1
states that (2) is a necessary condition for
Pareto-efficiency. In addition, it can be shown
that (2) is also sufficient for all allocations
that are not on the boundary of the con-
sumption set (e.g., see Luenberger, p. 231).
Then, z*(e',a) is Pareto-efficient. Letting
Ui*(a)_z Ui(}’i; iy — By z), '\ivhere Uz()
is the ith individual’s indirect utility function,
it follows that the Pareto-utility frontier is
traced by U*(a) = {U(a), i €I} as o takes all
possible positive values in the unit simplex.
The Pareto-utility frontier U*(a) defines the
set of individual expected utilities that can-
not be Pareto-improved upon by any feasi-
ble change in either financing or the levels of
public goods provided.

How does this approach relate to
Graham’s (1992) analysis? Consider the
case of discrete random variables, where the
realized values of e! generate m mutually
exclusive observed states of nature.” The
state-dependent decisions z(e') can then be
written as: {z;, j € J}, where z; is the z deci-
sion made under the jth state of nature, and
J={1,...,m]} is the set of all possible states
of nature. Let C;(z;) denote the cost of the
project under the jth state of nature.

ProrosSITION 2: Under nonsatiation, assume
that the set L is convex, that the functions
U,(y;, z) are quasi-concave, that the functions
Ci(z;) are convex, and that there exists a
feasible z where equation (1) holds with a
strict inequality. Then Pareto-efficient alloca-

7 For simplicity, the analysis presented in proposition 2 ignores
learning. This is consistent with the model presented by Graham
(1992). Incorporating learning in proposition 2 could be done
using information partitions, with the partition associated with
period 2 being finer than the one associated with period 1.
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tions correspond to

(3) MU
:h@gMzaleyj [Z(Zlifj +PBzy) — Cj(zj)]Z

jel iel
Ui0=Ui(yi_zlif_BZZIf’Zp);
zpeZ; Zjdy]:l},
where U° = (U}, ..., UY) is chosen such that
M(U®) = 0,M(U®) being Graham’s (1992)
net benefit criterion.

Proof From equation (2) in Proposi-
tion (1), Pareto-efficiency can be written as

(4a) 0= Mzax{—WI(a)

+ 2P (i 2y — B2y, 2,):

iel
s.t.z, €Z and (1)}

Note that a feasible point on the Pareto-
utility frontier corresponds to W!(a) =
Yia &P (Vis 2y — By, 2,), or equivalently
to {Ui(y; — 21y — B2y, 2,) = U (@), i € N}.
It follows that (4a) can be alternatively writ-
ten as

(4b) 0= Max{—WI(oc) +3 0, P():
‘ iel
s.t.(1),z, € Z, and
Ui(y; — 2y — BZZif’ Zp)
—Ur(a),ic N}.

The Lagrangean associated with (4b) is
L(z,y) = =W (@) + Yiq o Pi() + X Vi
[>ier(Z15 + B2oyy) — C(2;)], where v; > 0 are
Lagrange multipliers associated with the
budget constraint (1) under the jth state of
nature. Under regularity conditions (includ-
ing the convexity conditions stated in Propo-
sition 2; see Takayama, p. 75), equation (4b)
can be written as the saddle-point of the
Lagrangean L(z, ), yielding

(4c) 0= MinMax|-W'(@)+ ¥ a,P(")
¥z z iel
+> Y; [Z(Zlifj +Bzy) — Cj(zj)]:
jed iel
st.z, € Z, and
Ui(y; — 2y — By, Zp)

= U} (a),ieN]
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which, at the optimum, satisfies the comple-
mentary slackness condition }~;y y/[zld(zl,ﬁ
+BZ21f/) II(Z )] - 0 Let UO U*( )
Because W (cx) > (=) Y iaoP(-) for feas1ble
(Pareto-efficient) allocations, (4c) yields the
desired results, subject to the normalization
rule >y, =1

Proposmon 2 gives the representatlon
of Pareto-efficiency developed in Graham
(1992). Equation (3) highlights the role
played by the vy’s, which can be interpreted as
shadow prices for contingent claims. Braden
and Kolstad, Smith (1987b) and Graham
(1992) have stressed the importance of these
shadow prices in the assessment of Pareto-
efficiency. Intuitively, equation (3) states that
the project z should be designed to gen-
erate the largest possible net benefit or
“budget surplus” M (U®), which should be
entirely redistributed to the n individuals.
Here, the Pareto-utility frontier is given by
the utility levels U° satisfying the net ben-
efit criterion M(U°) = 0 (Graham, 1992, p.
836). This corresponds to >=y ¥;[3 ic1(215 +
Bz,;) — C;(2;)] = 0, which is the complemen-
tary slackness condition for the aggregate
budget constraint (1).

Propositions 1 and 2 establish dual formu-
lations of Pareto-efficiency.® Graham’s focus
was on developing criteria for identifying
Pareto-efficient projects. The use of shadow
prices for contingent claims (i.e., the use
of the dual formulation) provided an ele-
gant way to develop these criteria. Here, we
are interested in exploring the risk-related
components of total value. In particular, we
focus attention on the role of both private
and public learning in valuation under uncer-
tainty. The primal formulation presented in
proposition 1 provides an intuitively appeal-
ing framework in which to explore the con-
cepts found in the OV and QOV literatures.

The Individual’s Decision Problem

Graham (1992) simplified private goods to
be contingent claims to dollars. To explore
the role of private decisions and the inter-
actions between private and public learning,
we add more structure to the specification of
both private goods and private information.
Consider a particular individual affected by

8 Whereas proposition 2 assumes convexity, note that proposi-
tion 1 holds more general conditions. See Luenberger for a good
discussion of these issues.
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the public project, who makes private deci-
sions under temporal uncertainty and in the
absence of complete risk markets. The indi-
vidual faces an allocation of private goods as
well as public goods. She/he has a two-period
planning horizon. At each period ¢, the indi-
vidual makes decisions concerning the pri-
vate goods represented by the vector x,,
t =1,2. As above, the project z includes
both the provision of public goods and their
financing in each period, where z,, is a vec-
tor of public goods (or bads) provided by the
project in period ¢, and z, is a vector rep-
resenting the financing scheme of the project
in period ¢. The project can then be denoted
by z = (11»12.) = [(zy,, 21), (12p7z_2f)]a Where
z, = (z,,,Z,) is the vector of public decisions
made at time ¢, =1, 2.

Uncertainty facing the individual is repre-
sented by the random variables e = (e, e,),
where e, is assumed to become observable
at the end of the rth period. The vec-
tor e can include any number of sources
of uncertainty, including income, prefer-
ences, prices, the weather, etc. The indi-
vidual has a subjective probability distribu-
tion about the random variables (e;, e,) and
is a Bayesian learner. First-period decisions
are based on the subjective joint probability
f(ey, €[x,, z,) = fl(el)fZ(e2|e1’ X, 2), where
fi(e,) is the marginal prior probablhty func-
tion of e, and f,(e,|e,,Xx,,2z,) is the poste-
rior probability function of e,, conditional
on the realized value of e; and on (xi,z;).
Between time f =1 and ¢ =2, learning takes
place and the random variables e; become
known. In this context, learning is defined
as observation of the realized values of the
random variables e,. The second-period deci-
sions are based on the posterior probability
function f,(e,|e,, X;, ;). The posterior prob-
ability of e, can reflect active learning, where
both private (x;) and public (z;) decisions
made at time ¢ =1 can influence how much
information is learned about e, before the
second-period decisions x, are made. Passive
learning is a special case where the posterior
probability of e, is independent of (x;,z,)
and becomes f,(e,|e;).

Intuitively, the more correlated are the ran-
dom variables e; and e,, the more informa-
tive are the signals e; concerning the uncer-
tainty e,. At one extreme is the perfect
information case, where a perfect correlation
between e, and e, would imply that observ-
ing the signals e, provides perfect informa-
tion about the realized value of the random
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variables e,. At the other extreme, if e; and
e, are independent random variables, observ-
ing the signals e; is completely uninformative
about the actual values taken by the random
variables e,. Intermediate situations allow for
partial learning. The most general case is that
of partial learning, with some of the learning
being active and some passive.

In general, the random variables in (e;, e,)
are correlated with public information e' =
(e}, e}). The quality of information provided
by observing random variables in e' (e.g., as
measured by their degree of correlation with
{e;, i €1}) is then dependent on both private
and public decisions. The information link-
ages can work both ways: public informa-
tion can affect private decisions, and private
information can affect public decisions. For
example, public information about the qual-
ity of groundwater can affect private deci-
sions about housing location and the use of
water supplies. In the other direction, private
information can either remain private (e.g.,
private landowners not reporting the pres-
ence of endangered species on their prop-
erty) or become public (e.g., fishermen or
birdwatchers reporting changes in the abun-
dance of various species), which in either
case may influence the design of public pol-
icy. For example, information about individu-
als’ health problems associated with exposure
to pollutants can help motivate government
action.

The individual’s preferences are repre-
sented by the von Neumann-Morgenstern
utility function u(y, x;, X,, Z, €;, €,). As stated
in proposition 1, we assume nonsatiation with
respect to income (u(y, -) is a strictly increas-
ing function of y).” We also assume that u(-)
is finite for all (e, e,) and for all feasible val-
ues of (y,x,X,,2), and that the individual
behaves in a way consistent with the expected
utility hypothesis.!® The feasible sets for the
private decisions x; and x, are denoted by
X; = X(z)) and X, = X,(x;,2,,2,), respec-
tively: x; € X, and x, € X,. This allows pub-
lic goods to influence the range of possi-
bilities for the individual’s private decisions

’ We implicitly assume that, under nonsatiation, the individual
budget constraint has been substituted into the objective function
using a numeraire good. As a result of this substitution, income
risk and price risk appear directly in the individual’s utility func-
tion (as reflected by e).

' The expected utility hypothesis is not required for our anal-
ysis. Our results could be derived using a nonexpected utility
model (i.e., a model that is “nonlinear” in the probabilities; see
Machina 1987). This includes the case of prospect theory, as dis-
cussed by Kahneman and Tversky and Smith (1992). Note that,
in this context, the issue of dynamic inconsistency may arise (see
Machina 1989).
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(e.g., publicly funded cancer research). It can
also represent dynamics as current decisions
influence future feasibility. Private economic
decisions are then made in a sequential
decision framework as follows
(5) U(y,z) =MaxE, {Masz

x;€Xy

x€X,

X [l/l(y, X1, X,2, €, ez)]}

where E, is the expectation operator based
on the subjective information available at
time ¢, and U(y,z) is the indirect objective
function. The optimal solution to equation
(5) is denoted by x{(y,z) and x;(y,z,e).
In the case of active learning, some of
the x; decisions would include information-
gathering activities that can be used to reduce
future uncertainty. In this case, the utility
function would take the form u(-) = u(y —
c(xy),Xy,X,,2,€,e,), where c(x,) is the cost
of obtaining and processing information asso-
ciated with information gathering-activities
in x;.

The Valuation of Risk

In this section, we seek to isolate the val-
uation of risk in the individual’s sequential
decision problem (5). One approach to deter-
mining the value of risk is to analyze the indi-
vidual’s willingness to pay (WTP), or will-
ingness to accept compensation (WTA), for
alternative risky situations. Ex ante monetary
compensations have been proposed as mea-
sures of the implicit cost of private risk bear-
ing by both Pratt and Arrow in the context
of static risk, and by Lavalle in the context
of temporal risk.!' These compensation mea-
sures are in general not unique. In the pres-
ence of income effects, it is well known that
WTP and WTA are not identical. This applies
both to welfare analysis in general and to the
valuation of risk in particular, and suggests
that there is more than one possible measure
of the value of risk. In what follows, we pro-
pose a particular ex ante monetary measure
of the value of risk that allows us to decom-
pose the value of risk into two additive com-
ponents: one that reflects the value of learn-
ing over time, and one that reflects (static)
risk preferences.

' We focus on ex ante valuation for two reasons: it is the appro-
priate approach to assess the value of information and learning
(see Lavalle; Hanemann 1989); and it provides the basis for eval-
uating Pareto-efficiency under uncertainty (Graham 1981, 1992).
A discussion of ex ante versus ex post welfare evaluation is pre-
sented in Starr, Harris, Milne and Shefrin, and Hammond.
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Working from equation (5), define the con-
ditional value of risk as the ex ante value V
that satisfies the implicit equation:

(6a) U(y,z)=U"(y+V,z)

where
(6b) UL(y+ V.,z)
= MaX{u(y + V)’ X] s X2v z,
x; X
xeXy
E (e), El(ez)}

and U(y,z) is the indirect objective func-
tion defined in equation (5). The nota-
tion U(-), which we will use again below,
denotes the indirect objective function for
an optimization problem in which all risk
has been removed by replacing the random
variables (e;,e,) with their ex ante means
((E,(e,),E,(e,)). Equation (6b) character-
izes a solution where all decisions are made
in the absence of all risk (and thus in the
absence of learning). The value V defined in
equation (6a) can be interpreted as the sell-
ing value of risk, which is the smallest ex ante
amount of money the individual is willing to
accept (or willing to pay if negative) to have
e, and e, equal to their mean values with
probability one.

The function V (y, z) measures the individ-
ual’s implicit value of private risk bearing,
conditional on the project z. This value can
be decomposed into two additive parts, one
related to learning, and one related to risk
preferences. The role of learning can be iso-
lated by comparing the sequential problem
(5) to an open-loop problem in which learn-
ing is ignored. Define the conditional selling
value of information'? as the ex ante value S
satisfying the following implicit equation!®

(7 Uy.z)
= ME)[(X{EI [u(y+ S,X1,%,,Z, €, ez)]}

X1€X

x,eX,
where U(y, z) is the indirect objective func-
tion defined in equation (5). The implicit

12 As shown by Lavalle, the selling value of information dif-
fers from the bid value of information in the presence of income
effects. Here, we rely on the selling value for two reasons. First,
it is intuitively appealing because the “informed situation” typ-
ically corresponds to the status quo. Second, the selling value
has the advantage of being transitive in the presence of several
alternatives (Hause; Chipman and Moore).

13 Note that, in contrast with equation (6b), the random vari-
ables e; and e, have not been set equal to their ex ante means
in equation (7).
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solution of equation (7) is denoted by S(y, z):
it depends in general on exogeneous income
y and is conditional on the project z. It can be
interpreted as the gross selling value of the
information that becomes available between
t =1 and ¢ = 2. It measures the smallest
ex ante amount of money the individual is
willing to receive to choose both x; and x,
without the benefit of learning e;, and can
be thought of as the individual’s valuation of
the ability to maintain flexible plans and react
to new information as it becomes available.
It is well established in the literature that
the gross value of information is always non-
negative: S(y,z) > 0 (Lavalle)."* This result
follows directly from the convexity of the
maximum operator and Jensen’s inequality.
S(y,z) =0 only in situations where the indi-
vidual either faces a completely inflexible
position or does not expect to learn anything
of value."s

When information is costless, S(y,z) is
also the net value of information (which
is always nonnegative because additional
costless information cannot make the deci-
sion maker worse off). When information
is costly, the net value of private informa-
tion is S(y, z) — c(x;), where c(x,) is the cost
of private information. Information is worth
obtaining only when its gross value, S(y, z),
is greater than the cost of obtaining and pro-
cessing it, c(x;). In the case where S(y,z) <
c(x,) for all feasible x;, there is no incentive
for active learning: the agent would choose
all information gathering activities in x; to be
Zero.

Risk preferences can also be isolated in
this framework. Define the conditional risk
aversion premium as the ex ante value R sat-
istying the following implicit equation

®) U2 =Max{u(y+S(y.2) = R.X;.%,
x,eX,

Z’El(el)’El(ez)}

4 This contrasts with the “static” value of information (e.g.,
Foster and Just), where information is valued at the time it is
obtained. In this case, the “static” value of information can be
either positive or negative depending on whether the new infor-
mation is “good news” or “bad news.”

15 Under differentiability, an approximate value of S is given by
§ = —2tr{[8x3 /de, ] [87u/3x3][0x5 /3, | Var, (e1)}/[8u/dy].
where tr{-} denotes the trace, and du/dy > 0 under nonsatia-
tion. Assuming an interior solution to equation (5), this expres-
sion for § is obtained by taking Taylor series approximations
of equation (7) in the neighborhood of the riskless case (where
e; =E (e;) and e, = E (e;)). Note that this approximation is
consistent with the general nonnegativity of the conditional value
of information S(y, z): the matrix [92u/0x3] is negative semidef-
inite from the second-order condition for an interior solution to

the maximization problem (5).
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where U(y, z) is the indirect objective func-
tion in equation (5). Equation (8) defines
R as the individual’'s ex ante WTP (or
WTA if negative) to replace the random
variables (e;,e,) by their ex ante means
(E,(e,), E,(e,)) under the following two con-
ditions: (i) there is no learning; and (ii)
the individual receives the ex ante monetary
compensation S(y, z) defined in equation (7).
The value R can be interpreted as the pri-
vate cost of the risk (e, e,) in the absence
of learning: it measures the largest ex ante
amount of money the individual is willing to
pay to face a riskless world, assuming that no
learning takes place.

The sign of the risk aversion premium
R(y,z) depends on the risk preferences of
the individual, which are represented by the
curvature of u(-). The individual is said to
be risk averse, risk neutral, or risk loving
depending on whether R is positive, zero
or negative, respectively (Arrow; Pratt; Dun-
can). A sufficient condition for the individual
to exhibit risk aversion (risk loving behavior)
is that his/her utility function is concave (con-
vex) in (e, e,). The individual is risk neutral
if u() is linear in (e, e,)."°

The conditional value of risk defined by
equation (6) satisfies

©) V(».2)=S0.2)-R(y,2)

where S(y,z) and R(y,z) are defined in (7)
and (8), respectively. Equation (9) shows that
the total value of risk V (y,z) can be decom-
posed into two additive parts: the value of
information S(y, z) > 0, minus the risk aver-
sion premium R(y,z).”” Because R can be
positive, zero, or negative depending on the
nature of the individual’s risk preferences,
V(y,z) can also take any sign. Without addi-
tional information on the nature of risk pref-
erences, we cannot sign the total value of

! Under differentiability, an approximate value for R is given

by

R==2tr{[0u/0(e1, €)] Vary (e1, €)}/[0u/0y],
where tr{-} denotes the trace, and du/dy > 0 under nonsatiation.
This expression for R is obtained by taking Taylor series approx-
imations of equation (8) in the neighborhood of the riskless case
(where e; =E(e|) and e, = E(e,)). Note that this approxima-
tion is consistent with the analysis of risk premia presented by
Arrow, Pratt, Duncan, and others: the risk premium R(y,z) is,
respectively, positive, zero, or negative when the individual’s util-
ity function u(-) is concave, linear, or convex in (ej, e,).

7 Whereas focusing on the risk neutral case, Fisher and Hane-
mann (1990, p. 403) suggest that their analysis could be extended
to the risk averse case by “including a risk-premium term”. Our
analysis provides this extension by showing formally how both
the conditional value of information and the conditional risk pre-
mium affect valuation.
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risk a priori. Even under risk aversion (where
R > 0), the value of risk V(y,z) can be posi-
tive (when S > R), zero (S = R), or negative
(S <R).

Individual Project Evaluation

The model developed above focused on the
valuation of risk for a particular individual
affected by the public project z. We now
turn our attention to the individual’s valua-
tion of the project itself. Again, recall that the
project may be partially or fully irreversible.
Let the utility function of the ith individ-
ual be u;(y;, X, X,;, Z, €,;, €,;), Where y; is the
ith individual’s exogenous income at time
t =1,x, is the ith individual’s private deci-
sions made at time ¢, and e; = (e, e,;),i =
1, ..., n. Permitting the random vector e; =
(e, €5;) to be individual-specific allows for
asymmetric information, where each individ-
ual can observe different signals e;;. Also,
denote the feasible sets for x;; and x,; by X;;
and X,;, respectively, which allows for hetero-
geneous preferences and technology across
individuals.

Individual welfare effects can be analyzed
using either bid price (compensating varia-
tion and/or surplus) or selling price (equiv-
alent variation and/or surplus) versions of
ex ante income compensation tests. In the
presence of income effects, the bid price
and the selling price will, in general, dif-
fer (Hicks; Hause; Willig), and may differ
for other reasons as well (Kahneman and
Tversky; Gregory; Knetsch; Hanemann, 1991;
Boyce et al.). Although the model can be
developed using either the bid price or the
selling price, we focus our attention on the
selling price because it has the advantage
of preserving a transitive welfare ranking of
alternatives, whereas the bid price could pro-
vide an intransitive ranking if the project
involves more than two alternatives (Hause;
Chipman and Moore).

Let z=1z" if the project is undertaken and
z° in the absence of the project. For the ith
individual, the selling price is defined as the
ex ante amount of money P which implicitly
satisfies

(10) U(y,,z")=U(y;+P;, )

where U,(y;,z") denotes the ith individual’s
indirect objective function in equation (5)
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with the project z”. The reference situa-
tion is given on the left-hand side of equa-
tion (10) by the ex ante utility level obtained
under the project z*. Equation (10) defines
P (y;,2",2") as the ith individual’s minimum
WTA to forego the project.

To examine the role of risk in individual
welfare evaluation, use equations (6) and (9)
to rewrite equation (10) in terms of the asso-
ciated riskless problem

(11) l]iL[yi +8;(yi»2") = Ri(y;,2"), 2]
= UMy +S:(y,2°)
- R;(y; ZO) + P, ZO]

where S;(y;,z") denotes the value of pri-
vate information with the project, S;(y;, 2°) is
the value of private information without the
project, R;(y;,z") denotes the private cost of
risk aversion with the project, R; (v, 2°) is
the private cost of risk aversion without the
project, and U'[] is defined in equation (6b)
as the ith individual’s indirect utility function
in the absence of risk, but after compensa-
tion (S; — R;) is received (or paid if negative)
to move from the sequential problem with
learning to the riskless problem.

Working from the left-hand side of equa-
tion (11), define B; as the ex ante amount of
money satisfying

(12) UMy, +Si(yi,2") = R(y;,2"), 2"]
= UiL[yi +8;(y;»2")
_Ri(yi’ Zw)+Bf’Z0]

where B:(y;,2",2") can be interpreted as the
ith individual’s selling value of the project in
the absence of risk (more will be said about
B! shortly). Under nonsatiation, substituting
equation (12) in equation (11) implies

(13) P (2", 2")=[S:(y;,2") = S, (v:,2")]
—[Ri(y:»,2") = Ri(y;,2")]
+B;(y;,2".2")

=AS,—AR;+B;}

where AS; = S,(y;,2") — S;(y;,2°), and AR, =
Ri(yivzw)_Ri(yi’zo

For the ith individual, equation (13)
decomposes the total value of the project
into three additive components. The first
term in (13), AS,, measures the impact of
the project on the value of private informa-
tion. If the project increases the ability of
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the ith individual to respond to new informa-
tion, then S;(y;, 2") > S;(y;, 2°) and AS; is pos-
itive, thus contributing to an increase in the
selling price P/. Alternatively, if the project
either reduces or eliminates the ith individ-
ual’s ability to adjust to future information
(e.g., permanent injuries due to the project),
S:(y;,2") < S;(y;,2°) and AS; is negative. Loss
of flexibility corresponds to decreased wel-
fare, and this will lower the value of the
project, all else equal. Note that in general
we can expect AS; < 0 when the project has
irreversible effects on private decisions. This
is true whether or not the project itself is
irreversible. For example, pollution of a body
of water may be reversible, but the health
effects for consumers may be long term and
irreversible.

The second term on the right-hand side
of (13), —AR,;, measures the impact of the
project on the conditional risk aversion pre-
mium. For the ith individual, AR; can be
interpreted as the change in the cost of risk
aversion. For a risk averse individual, AR;
can be positive, negative or zero, depending
on whether she/he faces more or less uncer-
tainty as a result of the project. If the project
reduces the uncertainty faced by the individ-
ual (e.g., by bolstering the population of an
endangered species), then the risk aversion
premium would fall. If the project increases
uncertainty (e.g., by moving an endangered
species closer to extinction), the risk aversion
premium would rise. All else equal, a project
that lowers (heightens) risk would be worth
more (less) to a risk averse individual.

Using equation (9), the first two terms on
the right-hand side of equation (13) can be
rewritten as

(14) AS,—AR;=V(y;,2") = V;(y;> ZO) =AV,

where V;(y;,z") is the total value of risk with
the project and V;(y;, 2°) is the total value of
risk without the project. Equation (14) states
that the change in the total private value of
risk, AV,, equals the change in the private
value of information, AS;, minus the change
in the private cost of risk aversion, AR;. This
reflects the fact that the project may alter the
individual’s risk exposure, as well as his/her
ability to learn.

Equations (13) and (14) also imply that
B = P! — AV,. Because P’ measures the total
value of the project and AV, measures its risk
benefit (or cost, if negative), it follows that
Bi(y;,z") can be interpreted as the nonrisk
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benefit (or cost, if negative) of the project
for the ith individual. Indeed, B{(y;,z") is
the exact measure of the ith individual sell-
ing price for the project if the project has no
net effect on the risks faced by the individual,
AV, =0. This includes as a special case the sit-
uation where the ith individual lives in a risk-
less world, with V; = 0. Thus, in the absence
of risk, Bf could be obtained by traditional
welfare measures (e.g., consumer surplus).'®
Alternatively, whenever AV, = AS;, — AR, #0,
it follows that P} # B{. In such cases, ignor-
ing risk provides a biased measure of the wel-
fare impact of the project. Because uncer-
tainty is pervasive, this provides a framework
for understanding the various roles of risk in
project evaluation.

Aggregate Valuation and Efficient
Resource Allocation under Risk

Having defined a welfare measure of the
project for the ith individual, it remains to
aggregate this measure over the »n individu-
als affected by the project. Proposition 1 pro-
vides a criterion to choose a Pareto-efficient
project, based on individual welfare measures
P?. The optimization problem in (2) assumes
that public learning e! occurs between peri-
ods 1 and 2, and that second-period pub-
lic decisions z,(e}, e]) can make use of this
learning. We are interested in isolating the
welfare gains associated with retaining the
flexibility to make more informed second-
period decisions about both the provision
of public goods and their financing. To do
so, compare the sequential decision in (2)
to an open-loop solution where all decisions
are made based on the information available
at time r =1 (i.e., conditional only on e}).
Define the conditional value of public infor-
mation obtained between t =1 and t =2 as

15) Vi(z, @)

= Max { > P (v, Zyp — By, 2,):

n(ej.e) | e

s.t.z,€Z and (1)}

'8 Note that, in the presence of risk, this does not imply that
B} will equal the expected value of “ex post consumer surplus”.
As argued by Graham (1981), the relationship between B; and
the expected “ex post consumer surplus” is unclear and largely
irrelevant to the evaluation of risky projects.
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— Max { Yo P (v, Zyp — By, 2,):

2 (ef) iel

s.t.z, € Z and (1)}.

Let z5(z,, o, €}, e]) be the solution of the
first optimization problem in equation (15),
and z5(z,, a, e)) be the solution of the second
optimization problem. Whereas both solu-
tions depend on the first-period decisions z,,
they differ by the amount of public informa-
tion available: the decision rule z5(-) depends
on (e}, el), whereas the decision rule z5(-)
depends only on (ef), which corresponds to
the absence of public learning. V(z,, o) is
the difference between the weighted aggre-
gate  WTA obtained from choosing the
second-period allocation z, with and with-
out public learning, conditional on the first-
period decisions z,. Because the information
structure associated with (ef, e}) is necessar-
ily finer than with ej, it follows that the
decision rule z5(z,, a, ef, €}) is less restrictive
than the decision rule zj(z;, a,e}) for any
given (z;, o). This implies that V(z;, a) > 0.
This means that people would value a project
in which the z, decisions were made with
public learning (z5) more than a project in
which the z, decisions were made without
public learning (z5), all else equal.

In general, V!(z,, a) > 0 can be interpreted
as the gross value of public information. It
is also the net value of information if pub-
lic information is costless. In this case, public
learning will typically be efficient, implying
that any open-loop solution (which neglects
public learning) will be suboptimal. In the sit-
uation where information is costly, let C,(z,)
denote the cost of obtaining and processing
public information, where C, depends on the
public information gathering activities in z;.
It follows that the net value of public infor-
mation would be V(z,,a) — C,(z,). In the
case of active learning, public learning would
be worth it only when the gross value of
information V'(z,, ) is greater than its cost
C,. If V(z,,0) < C,(z,) for all feasible z,,
then there would be no incentive to learn:
it would be efficient for the group to choose
the information gathering activities in z; to
be zero. In the case where Vi(z,, a) > C,(z,),
neglecting public learning would necessarily
be suboptimal.

To illuminate the role of information,
we can use equation (13) to rewrite equa-
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tion (15) as

(16) Vi(z;,0)

={ZaiPiS[yi,zlz;<zl,a,e'o,eb]}

iel

- { ZaiPis[Yi,Zl’Zg(zha,eé)]}

iel

:Zl:ai{ASi[yi’zl’zg(zl’a’eg)’e{)]

ie

—AS[y;,21,25 (2, 0, )]
—ARi[y,-,zl,zg(zl,OL,e(I),ell)]
+AR [y;,2,,25 (2, €))]
+B;[y:21,25(21, @, €, €7)]
_Bis[yi’zl’zg(zlsa’e}))]}'

Our formulation of the policy maker’s prob-
lem allows efficiency gains from better-
informed second-period decisions concern-
ing both public goods provision z,, and the
financing scheme z,,. Equation (16) provides
useful insights on the potential sources of
these efficiency gains. The gains can come
from: (1) the impact of improved public
information on the private value of informa-
tion AS;; (2) the influence of public learn-
ing on the private cost of risk aversion AR;;
and (3) the impact of better public infor-
mation on the nonrisk benefits Bf, in the
form of income effects. Our model formal-
izes the possible interactions between pri-
vate and public decisions in the valuation of
risk. Such interactions would be important
whenever the public project affects the abil-
ity of individuals to respond to new infor-
mation. This includes situations where the
project facilitates individual use of informa-
tion (AS; > 0), as well as situations where it
hinders it (AS; < 0) (e.g., Dixit and Pindyck;
Chavas). It is worth pointing out again that
even if the project itself is partially or fully
reversible, its effects on individuals’ flexibil-
ity to respond to new information (as in the
long-term health impacts in our groundwater
example) can be significant.

In addition, even if private learning is
ignored (AS; = 0), and if B[y, z;,z5| —
Bily;,z,,25] = 0,i € I, then from (16),
Vi(z), @) = —ARi[y,, 2,, 5] + AR [y;,2,, 25] >
0. In this case, efficiency gains from public
learning are generated entirely by a more
efficient distribution of risk. Graham’s (1981)
significant contribution is that efficient state-
dependent payments can lower risk exposure,
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or transfer risk toward less risk averse indi-
viduals, thus reducing the total cost of private
risk bearing and increasing aggregate welfare
gains. Here we expand on Graham’s result to
show that state-dependent provision of pub-
lic goods can also use learning to lower risk
exposure, which is a central insight of the
QOV"w

To illuminate the role of public learning
in the Pareto-efficient allocation of public
resources, proposition 1 can be alternatively
expressed as follows:

CoroLLARY 1 (The main result). Under
nonsatiation, Pareto-efficient allocations are
characterized by

(17) WI(a)=Mg>)<{v1<zl,a>
Zi(ez)
+ A8, () AR ()+B()]:

iel

s.t.z,eZ and (1)}

Proof. Substituting equation (15) into (2)
yields

W) = Marx{ Viz, o)+ oP;
7 elJ)
Zz(eb)

iel
x (5 Zyjy — Bz2if’ Zp)3

s.t.z, € Z and (1)}.

Then, using equation (13) yields the desired
result.

Corollary 1 provides a useful decompo-
sition of the role of risk in project eval-
uation. Equation (17) shows that welfare
analysis involves three risk components: the
public value of information VI(z;, ), the
private value of information ), o;AS;(:),
and the cost of risk aversion — Y, ; o;AR;(").
The term V!(z,, a) is the adjustment needed
in a benefit—cost analysis to induce Pareto-
efficient first-period decisions in the event
that the project does not incorporate public
learning. Given VI(z,, @) > 0, it follows from
equation (17) that ignoring the potential for

' Although he does not elaborate on it, Graham (1992) briefly
mentions (p. 826) that the provision of public goods can be state
dependent. In our model, the choice of public goods is treated
explicitly as state dependent by modeling it as a choice among
decision rules mapping states into public decisions.
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learning new information is often suboptimal
in public decision making. It is clearly sub-
optimal when relevant public information is
costless. It is also suboptimal under active
learning whenever the gross value of public
information is greater than its cost.

The above formulation provides useful
insights into the role of public informa-
tion. The conditional value of public infor-
mation V!(z,,a) can be affected in vari-
ous ways by the first-period decisions z;.
First, V1(z,,a) could be increasing in z,.
This could happen when z, are informa-
tion gathering activities, or when z, involves
research activities generating new technolog-
ical opportunities for period two. In such sit-
uations, public learning provides incentive to
increase z,. Alternatively, neglecting public
learning would lead to “underinvestment” in
z,. Second, V1(z,,a) could be independent
of z,. In this case, neglecting public learning
would have no effect on the first-period deci-
sion z,. Finally, V(z,, ) could be decreas-
ing in z,. This could happen when the pub-
lic project involves irreversible first-period
decisions that restrict the public ability to
respond to future information. In such situ-
ations, public learning provides an incentive
to decrease z,. Alternatively stated, neglect-
ing public learning would lead to “overin-
vestment” in z,. This latter case has been the
main thrust of the QOV literature.

Finally, note that this model can also
be used to evaluate whether a particular
project would pass the potential Pareto-
improvement criterion. From equation (2) or
(17), a project is said to pass the poten-
tial Pareto-improvement criterion if it is
feasible, and if it is associated with deci-
sion rules z,(ej) and z,(ej,e!) such that
Y ia i Piyi, z,(e)), z,(ef, e})] > 0. This allows
for “weighted” (where the (a;’s differ across
individuals) as well as “unweighted” welfare
analysis.

Reuniting Weisbrod’s Children

We have developed an ex ante welfare mea-
sure of the total value of a public project.
Key features of this measure are: it allows
for both private and social learning, it incor-
porates risk preferences, it covers both the
provision of public goods and their financing,
and it is state dependent. We now show that
this measure incorporates the insights of both
the option value and the quasi-option value
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literatures. The option value literature has
focused on whether individuals, faced with
a valuation decision characterized by uncer-
tainty and irreversibility, would be willing to
pay more or less than the expected value of
their consumer surplus for a public project.
Option value came to be defined as the dif-
ference between option price (OP, the max-
imum sure (i.e., state-independent) payment
an individual would be willing to make to
obtain the public goods in question), and the
expected value of consumer surplus, E(CS):
OP = E(CS) + OV. The OV models all
either implicitly or explicitly assume a “time-
less” world where there is no learning. In
our model, the absence of learning implies
AS;=0and V'=0. This leaves Pf = Bf —AR,,
which suggests that (—AR;) plays a role sim-
ilar to OV: they both account for the influ-
ence of risk preferences on welfare valua-
tion. Consistent with the conclusions of the
OV literature, AR, can take any sign, even
for under risk aversion, because the project
can either increase or decrease the individ-
ual’s exposure to risk (Bishop 1988).

Graham (1981) extended the analysis of
risk by allowing for state-dependent project
financing, which may entail efficiency gains
through monetary risk redistribution. Gra-
ham’s willingness-to-pay locus is formed by
the set of all contingent (or state-dependent)
payments that leave the individual indiffer-
ent, ex ante, between having and not hav-
ing the project. Efficient schemes are those
that maximize the aggregate sure net will-
ingness to pay. Under convexity assumptions,
this is equivalent to establishing competitive
markets for contingent claims. In this con-
text, a risk averse individual would want to
redistribute risk across states by agreeing to
contracts that reduce his/her risk exposure.
Alternatively, if all individuals are identical
and face the same risks, there is no bene-
fit from risk redistribution, and the optimal
payment scheme remains the state-indepen-
dent OP.

Graham’s article generated a lot of inter-
est and some confusion. We briefly attempt
to clarify three areas of confusion or mis-
interpretation in the subsequent literature.
First, some authors have advanced the claim
that the expected value of the fair-bet
point (E(FB,;), the point on the individ-
ual’s willingness-to-pay locus with the high-
est expected value) is the appropriate welfare
measure for cases involving individual risks
(Cory and Colby Saliba; Colby and Cory).
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Whereas Graham has shown that this is cor-
rect if individual risks are insurable, this is
not true in general. In the absence of fair
insurance markets, individuals would not be
willing to pay E(FB,) because they cannot
purchase contingent claims that allow them
to reach FB; (Bishop 1986; Smith 1990). To
the extent that insurance markets are typ-
ically incomplete, this suggests that E(FB;)
will in general not be the appropriate welfare
measure.

Second, it has been argued that the mere
existence of a set of contingent contracts
that could raise enough revenue to cover the
cost of the project in each state is sufficient
for passing a potential Pareto-improvement
test (Freeman 1991, 1993). Such arguments
suggest that contingent payments and com-
pensations need not be actually collected or
received. This is clearly erroneous when the
state-dependent payments themselves are the
source of some of the net benefits. Because
the risk redistribution benefits of the state-
dependent payments are solely the prod-
uct of the financing scheme, not collecting
state-dependent payments would eliminate
the associated benefits of risk redistribution.

Third, some authors felt that Graham had
advocated counting hypothetical contingent
payments in welfare analyses (e.g., Ready).
We believe that this is a misinterpretation of
Graham’s work. In fact, we feel that Ready
and Graham agree on the role of risk in
project evaluation: that any risk redistribu-
tion that actually occurs as a result of project
financing should be incorporated into welfare
measures. Ready provides a welfare measure
that captures the benefits of risk redistribu-
tion from any state-dependent financing that
actually occurs. Our model is also consistent
with the view that ex ante valuation of risk
redistribution benefits due to actual financing
should be incorporated in welfare analysis.

Just as state-dependent financing can
increase the value of a project, so can
state-dependent provision of public goods.
In a sequential decision framework, learn-
ing allows decisions about the second-period
provision of public goods to be state depen-
dent. Reversible first-period decisions pre-
serve this flexibility, whereas completely irre-
versible first-period decisions restrict the
second-period decisions to be state indepen-
dent (e.g., Arrow and Fisher). The main
thrust of the QOV literature is that flexibil-
ity to respond to new information is valuable,
and project analysis should incorporate the
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value of this flexibility. By allowing the z,,
decisions to be state dependent, our model
captures the value of learning as it relates
to the provision of public goods. By explic-
itly considering the role of learning in the
provision of public goods, we present a logi-
cal integration of QOV and Pareto-efficiency
under uncertainty.

One of our contributions is that we are
able to distinguish explicitly between the
influence of the project on private flexibil-
ity (AS,) and public flexibility (V). AS; is a
welfare measure of the impact of the project
on the ith individual’s ability to respond to
new information. V! is the (ex ante) collective
social gain resulting from the public decision
maker’s ability to make informed and flex-
ible second-period decisions. Whereas QOV
authors have focused on the role of flexi-
bility and irreversibility at the social level
(e.g., Arrow and Fisher; Conrad 1980), others
have noted that such a role applies as well
at the private level (e.g., the effects of sunk
costs on investments; see Dixit and Pindyck).
However, nowhere have we found an expo-
sition of the role of flexibility in both private
and public decisions. Our analysis shows that
both components can play a role in benefit—
cost analysis. Considering both effects within
a single model is informative, as evidenced
by the fact that even if V! =0, AS, need not
equal zero.

QOV has been interpreted as a correc-
tion factor required to make efficient deci-
sions in the event that the decision maker
uses a open-loop decision criterion (Freeman
1993). It has been correctly argued that the
decision maker who knows how to make an
appropriate (i.e., sequential) first-period deci-
sion has no need to measure QOV (Hane-
mann 1989; Freeman 1993). Here, we want
to stress the importance of understanding the
roles of private and public flexibility. First, a
clear understanding of flexibility issues can
help better communicate to policy makers
the importance of adaptive decision making
and the consequences of neglecting learning
in project design and analysis. Second, when
benefit—cost analysis proceeds in piecemeal
fashion, an understanding of all the compo-
nents of total value allows us to see which
components are not being measured in any
particular analysis.

Graham (1981) has shown that option price
generates a lower bound measure of aggre-
gate welfare when state-dependent payments
are feasible. To the extent that collecting
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state-dependent payments is often feasible
(e.g., user fees, fines), using OP would under-
estimate the net value of a project. We
have drawn on the QOV literature to show
that state-independent provision of public
goods generates a lower bound on aggre-
gate welfare when state-dependent provision
is possible. This relationship holds whether
or not the financing scheme is state depen-
dent. These lower-bound results are spe-
cial cases of the nonnegativity of the value
of public information V!(z,,a) defined in
equation (15). Indeed, assuming a state-
independent project implies restricting V! to
be at its lower bound (zero) in the aggregate
net benefit function (17). Of course, a state-
independent project is a (restrictive) special
case of our model, in which case option price
is the appropriate measure of value in the
absence of learning. Thus, it is clear that
neglecting either the state-dependent pro-
vision of public goods or state-dependent
financing schemes would provide a lower
bound measure of aggregate welfare.

Conclusion

We have developed a general model that
incorporates the effects of risk preferences
and temporal uncertainty into welfare val-
uation. This provides a basis for investigat-
ing the Pareto-efficiency of a public project,
including its method of financing, under risk
and learning. We show explicitly how the
individuals’ risk aversion premium, the indi-
viduals’ private value of information, and the
public value of information affect the effi-
ciency of resource allocation. By incorporat-
ing the concepts of option value and quasi-
option value within a single model, and by
considering both private and public decisions,
the model paints a rich picture of how each
contributes to total value. Hopefully, it has
also resolved some of the confusion in these
literatures.

We have depicted the role of tempo-
ral learning in welfare analysis. It includes
both active and passive learning, and allows
for partial learning. Additionally, we have
emphasized the importance of valuing infor-
mation and flexibility at both the individual
and aggregate levels. As discussed, even if
the public project is reversible, the ramifi-
cations of individual decisions may not be
reversible. Neglecting to evaluate the impacts
of the project on the individual’s flexibility

Amer. J. Agr. Econ.

to respond to new information would omit a
potentially significant component of value.

We also show how learning and the use
of new information can be incorporated in
the welfare analysis of a project design and
its financing. This is important when state-
dependent financing can generate welfare
gains by improving the efficiency of risk dis-
tribution, or when learning generates bene-
fits through the state-dependent provision of
public goods. In general, it seems crucial to
design public projects to capture such learn-
ing benefits. This is relevant if the cost of
generating information and of implementing
a state-dependent project is low. If the cost of
obtaining and processing public information
is high, then implementation of a fully state-
dependent project would be less realistic.
However, on the basis of information costs
and benefits, the challenge remains to incor-
porate as many contingencies as possible in
the design and evaluation of the project. The
implications for efficient project design apply
to natural resources management, but also to
a wide range of public projects that involve
uncertainty and irreversibility. This stresses
the need for the empirical investigation of
interaction effects between learning and irre-
versibility in project evaluation (e.g., Fisher
and Hanemann 1986b; Conrad 1997).

[Received August 2000;
accepted April 2001.]
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